Abstract-Diplexers are used to separate or combine two bands of frequencies and they are designed by combining channel filters using distribution circuit or alternatively designed based on coupled resonator circuits. Design parameters of coupled resonator circuits such as coupling coefficients, self-resonant frequencies and external couplings are done using optimization techniques. However, optimization techniques are not always efficient particularly for large set of parameters and hence more efficient approaches are required. In this paper, numerical solution instead of optimization is proposed to synthesize coupled resonator diplexers and obtain coupling coefficients directly from equations. The proposed direct approach achieves the desired characteristics for any given number of resonators and some numerical examples are given to demonstrate the validity of the proposed approach. One of the given examples is compared to a diplexer in literature synthesized using optimization technique and implemented using cavity resonators.
I. INTRODUCTION Diplexers play an important role in communication systems where they are used to separate or combine different bands of frequencies. Usually diplexers are consisted of two filters connected with a junction. The design of coupled resonator filters is well known in filter theory and it is based on coupling matrix that represents coupling coefficients calculated using g-values [1, 2] . Another approach to synthesize filters based on optimization techniques is also presented in literature [3] [4] [5] .
The theory of two-port coupled resonator filters is extended to multi-port coupled resonator structures that consist of only resonators without external junctions and thus forming miniaturized diplexers and multiplexers [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . In [7] , synthesis of coupled resonator diplexers is proposed. However, the synthesis method of coupling coefficients is done by optimization techniques that may not give a solution for relatively large structures with large set of optimization variables. Many coupled resonator diplexer components synthesized using coupling matrix optimizations have been presented in literature [7] [8] [9] [10] [11] . Furthermore, coupling matrix optimization approach has been extended to all resonator multiplexers [12] [13] [14] [15] [16] [17] [18] . The synthesis of such components becomes more complex for large structures and optimization algorithms may not converge to give a solution.
A Direct Approach for Coupling Matrix Synthesis for Coupled Resonator Diplexers
Deeb Tubail 1 , Talal Skaik Fig. 1 exhibits the main coupled resonator diplexer topology presented in [7] [8] [9] [10] , where the coupling between the resonators, self-coupling and the external coupling coefficients are obtained using coupling matrix optimization. In this paper, we propose an alternative synthesis of coupling matrix for the topology in Fig. 1 directly from mathematical equations deduced empirically from optimization-based observations. The solution using the direct approach releases the need to use complex optimization algorithms that require defining a cost function, optimization variables and some constraints. The proposed direct synthesis achieves the desired characteristics for any number of resonators. Some numerical examples are presented in this paper for coupled resonator diplexers and an example is compared to a diplexer in literature synthesized using coupling matrix optimization. 
II. DIRECT SYNTHESIS APPROACH
This section presents the proposed numerical solution to obtain the normalized coupling coefficients of the diplexer presented in Fig. 1 with pass-band ripple L Ar =0.04321 dB. Considering a symmetrical channel diplexer with channel 1 extending from x 1 to x 2 (normalized frequencies) and channel 2 from -x 2 to -x 1 , the normalized bandwidth B w and the diplexer center frequency m c are given by
The normalized coupling coefficient m 12 is given by The external quality factor at port one q e1 , at port two q e2 and at port three q e3 are given from [7] where q e±1 is the normalized external quality factor of the filter with edges of ±1, that can be calculated from the g-values as known in filter theory [1] . Finally, the scattering parameters are related to the coupling matrix as given in [7] .
To illustrate how the proposed equations are deduced empirically from extensive study of optimization-based results, the following procedure is followed to give a brief insight on the foundation of the proposed method:
1-The specifications of the diplexer are firstly defined which are the total number of resonators and the edges of the channels: x 1 to x 2 for channel 1 and -x 2 to -x 1 for channel 2. 7-The coupling coefficients between adjacent resonators other than those at the junction are observed from the optimization results and they are found to be directly related to the known g-values. 
III. NUMERICAL EXAMPLES
This section presents numerical examples for coupled resonator diplexers synthesized using proposed equations in previous section. Five examples are given to prove the ability of the direct method to satisfy various diplexers' characteristics and requirements. These examples are different in number of resonators as well as different bandwidths. One of the examples is synthesized using direct method and compared with a diplexer in a literature synthesized using optimization and implemented using waveguide cavities. external quality factor of port two and port three is q e2 =q e3 =2.7754, while the normalized external quality factor of the common port is q e1 =1.3877. The diplexer response is presented in Fig. 8 and it can be seen that the desired diplexer specification is achieved with five reflection zeros for each channel and with the specified channel edges and return loss. Fig. 9 16, 16 =0.5750. The normalized external quality factor of port two and port three is q e2 =q e3 =2.3932, while the normalized external quality factor of the common port is q e1 =1.1966. The response of the diplexer is shown in Fig. 10 and it can be noticed that eight reflection zeros appear in each channel and that the specified channel bandwidth is satisfied.
Topology in
Example three is a diplexer formed of twenty coupled resonators and its topology is depicted in Fig.   11 . The values of the boundaries are x 1 =0.12 and x 2 =1 and the calculated normalized external quality = 0.5600. The diplexer response is presented in Fig. 12 and it is evident that the specification of the diplexer is met which indicates that the proposed direct synthesis method is robust and convenient for large topologies. If this diplexer is synthesized using optimization techniques, it requires more than twenty variables with some constraints which may complicate the optimization problem and make the solution infeasible. Example four presents a diplexer with twelve coupled resonators and its topology is shown in Fig.   13 . The specifications of this diplexer are the same as those in [9] that is practically implemented using waveguide cavity resonators at 10 GHz. The values of the boundaries are x 1 =0.30618 and x 2 =1 and the calculated normalized external quality factors are q e2 =q e3 =2.9806 and q e1 =1.4903. A comparison between coupling coefficients for both methods is shown in Table I that clearly shows very close results for both methods. The response of diplexer four is depicted in Fig. 14 for both the direct and optimization techniques. It can be seen from the graph that the plots of S-parameters are close for both the proposed direct method and the optimization-based synthesis approach. The optimization has been performed on computer with Intel processor core i7, a CPU at 2.4 GHz and a RAM of 8 GB. Example five presents a diplexer with fourteen coupled resonators and its topology is shown in Fig.   15 . The values of the boundaries are x 1 =0.2 and x 2 =1 and the calculated normalized external quality factors are q e2 =q e3 =2.52 and q e1 =1.26. The coupling coefficients synthesized by both direct and optimization methods are compared in Table II where it can be noticed that the results are close. The results of those previous examples verify that the proposed numerical equations achieve the desired characteristics for different number of resonators and different channel bandwidths for coupled resonator diplexer with T-topology. Moreover, the proposed method is preferred to optimization techniques presented in literature for the given T-topology since the coupling coefficients are directly calculated from equations. 
